OBJECTIVE: To study the mechanism that controls fructose-2,6-bisphosphate (Fru-2,6-P 2 ) accumulation, as well as the mRNAs levels of the glycolyticagluconeogenic regulatory enzymes in the livers of fed and starved lean ( faa-) and obese ( faafa) Zucker rats. DESIGN: Rats were fed a standard chow or deprived of food for 24 h. SUBJECTS: Male lean (faa-) and genetically obese ( faafa) rats (nine weeks old). MEASUREMENTS: Fru-2,6-P 2 concentration, 6-phosphofructo-2-kinase (PFK-2), glucokinase (GK), pyruvate kinase (PK) activities and the mRNA levels of GK, PFK-2, L-type pyruvate kinase, fructose-1,6-bisphosphatase (FBPase-1) and phosphoenolpyruvate carboxykinase (PEPCK) were analyzed. RESULTS: PFK-2aFBPase-2 mRNA decreased during starvation in both faa-and faafa animals. Although PFK2aFBPase-2 mRNA levels were similar in fed lean and obese rats, PFK-2 concentration and activity were higher in fed obese than in fed lean animals, which might explain the high concentration of Fru-2,6-P 2 observed in obese animals. During starvation, PFK-2 protein concentration decreased, correlating with the enzymatic activity and Fru-2,6-P 2 levels. The activities of GK and L-pyruvate kinase (L-PK) also increased in fed obese (faafa) rats compared with fed lean (faa-) animals, but decreased during starvation. The mRNA levels of glycolytic enzymes in fed obese rats were similar (PFK-2) or higher than (GK, L-PK) in fed lean animals. During starvation, they decreased in lean and obese rats with one important exception, GK mRNA remained high in obese animals. The mRNA of gluconeogenic enzymes remained constant (FBPase-1) or increased (PEPCK) during fasting. CONCLUSION: The changes observed might be explained by the hyperinsulinaemia observed in the liver of obese rats, which might lead to the stimulation of glycolysis and lipogenesis.
Introduction
Obese ( faafa) Zucker rats have a recessive gene mutation, localized in chromosome 5 producing total inability to respond to leptin. 1 The fa locus, linked to obesity in the rat, has been mapped to a region syntenic with the mouse db locus, 2, 3 implying that the fa mutation lies within the rat ob-receptor.
The products of the ob and db genes, constitute a hormone-receptor pair (leptin and leptin receptor, respectively) that provides molecular identity to one system, through which the status of energy stores is signalled to the brain. Total inability to produce leptin (obaob) or to respond to it (dbadb) result in early obesity with excessive food intake, a decreased energy expenditure, severe insulin resistance, and genetic background-dependent diabetes. 4 Enhanced lipogenesis has been observed in livers of obese rats. 5, 6 This might be one of the mechanisms responsible for the increased fat deposition which occurs in these animals. Liver glycolysis provides C 3 units for the synthesis of lipids and is an important component of the control of lipogenesis. The hepatic gluconeogenicaglycolytic pathway is regulated by allosteric modulators, and phosphorylationadephosphorylation and control of gene expression of several regulatory enzymes. 7, 8 These enzymes control hepatic glucose production and utilization through regulation of three major substrate cycles: glucoseaglucose 6-phosphate, fructose 6-phosphatea fructose-1,6-bisphosphate and phosphoenolpyruvatea pyruvate. The fructose 6-phosphateafructose-1,6-bisphosphate substrate cycle is also regulated by a subcycle in which the amount of the regulatory molecule fructose-2,6-bisphosphate (Fru-2,6-P 2 ) is controlled by the bifunctional enzyme 6-phospho-fructo-2-kinaseafructose-2,6-bisphosphatase (PFK-2a FBPase-2). 7 ± 10 It has been shown 11 ± 14 that the Fru-2,6-P 2 concentration and the PFK-2 activity in livers of genetically obese ( faafa) rats are greater than in livers of control lean animals. Fru-2,6-P 2 stimulates phosphofructokinase 7 ± 10 and since that phosphofructokinase activity is increased, 11 this may contribute to keeping glycolysis active. Since the activities of other glycolytic enzymes, such as glucokinase (GK) and L-pyruvate kinase, have also been found to have increased, 11 ± 13 it was our purpose to study the mechanism that controls Fru-2,6-P 2 accumulation, as well as the mRNAs levels of the glycolyticagluconeogenic regulatory enzymes in the livers of fed and starved lean ( faa-) and obese ( faafa) Zucker rats.
Materials and methods

Materials
[a- 32 P]dCTP (3000 Ciammol) was from Amersham (London, UK). The random primed DNA labelling kit and restriction endonucleases were from Boehringer Mannheim (Mannheim, Germany). N-hybond membranes and ECL kit were from Amersham. Nitrocellulose membranes were from Millipore Corporation (Bedford, MA). Rat albumin antiserum was from Nordic (Tilburg, The Netherlands). Anti-rabbit antibody was from DAKO AaS, (Glostrup, Denmark). Other enzymes and biochemical reagents were either from Boehringer Mannheim (Mannheim, Germany) or Sigma (St Louis, MO). All chemicals were of analytical grade.
Animals and dietary manipulations
Male lean ( faa-) and genetically obese ( faafa) rats were obtained from Iffa Credo Espan Äa SA (Barcelona, Spain). The rats were nine weeks old at the time of the experiments. They were fed a standard chow (PANLAB A04, Barcelona, Spain) and water ad libitum. Animals were subjected to a 12 h lighta12 h dark cycle (light starting at 08.00 h). Starved rats were deprived of food for 24 h. All the animals were killed at 10.00 h by decapitation and the livers were freezeclamped in liquid nitrogen and stored at 780 C prior to extraction of Fru-2,6-P 2 , enzymes or RNA.
RNA analyses and DNA-hybridation probes
Total RNA was extracted from frozen rat tissues by the LiClaurea method. 15 Previous to Northern blot analysis, the concentration of the RNA was determined by measuring the OD 260 of an aliquot of the ®nal preparation. 16 The integrity of the RNA was veri®ed by observing the rRNA bands in the ethidium bromide gel under uv irradiation. Northern blot analyses were performed by standard procedures. 16 The following fragments were used as probes: a 1.4 kb 20 and a 1.8 kb PstI fragment from cDNA clone (G4) for L-pyruvate kinase (L-PK). 21 A cDNA for 18S ribosomal RNA was also used as a probe. 22 All DNA probes were generated by labelling with [a- 32 P]dCTP to a speci®c radioactivity of 1.5Â10 9 cpmamg of DNA by random priming with Klenow DNA polymerase. The levels of mRNAs were measured by densitometric scanning of the autoradiograms with a Vilbert Lourmat densitometer and corrected for the amount of 18S rRNA that was used as a control.
Metabolite and enzyme assays
Fru-2,6-P 2 was extracted and measured as described by Van Schaftingen et al. 23 Total and active PFK-2 activities were measured as described by Bartrons et al. 24 In the conditions of the assay, the active form corresponds to the activity of the non-phosphorylated form of the enzyme measured. 24 L-PK activity was determined at saturating concentrations of phosphoenolpyruvate (5 mM), as previously described by Felõ Âu et al 25 and GK as described by Davidson and Arion. 26 The protein concentration was determined according to Bradford, 27 using bovine serum albumin as standard.
Western blot analysis
Immunoblot analysis was performed by a modi®cation of the method described by Burnette. 28 Previous to Western blot analysis, the concentration of protein was determined by the method of Bradford.
27 For PFK-2aFBPase-2 analysis we used a 1:2000 dilution of polyclonal antibody raised against rat liver protein. 29 Albumin, using a 1:2000 dilution of polyclonal antibody raised against rat albumin. After Western blots with the anti-PFK-2aFBPase-2 antibody, membranes were dehybridizated with stripping buffer containing 100 mM 2-mercaptoethanol, 4% SDS, 125 mM TrisHCl pH 6.8. After dehybridization, the same membranes were used with the antibody against albumin, that was used to correct. Bound antibody was detected by the ECL (enhanced chemiluminescence) method. The levels of protein were measured by densitometric scanning of the autoradiograms with a Vilbert Lourmat densitometer and corrected for the amount of albumin that was used as a control.
Statistical analysis
Statistical comparisons were performed using analysis of variance (ANOVA) with a post-hoc test (Fischer PLSD).
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Results
Effect of starvation on Fru-2,6-P 2 levels
Fed genetically obese ( faafa) Zucker rats contained higher levels of Fru-2,6-P 2 than fed lean animals (32 and 14 nmolag liver, respectively). A signi®cantly lower concentration was observed in starved (24 h) lean ( faa-) and obese ( faafa) animals, compared to that measured in their fed littermates. Starvation caused a fall in Fru-2,6-P 2 concentration from 14 to 4 nmolag in lean ( faa-) and from 32 to 19 nmolag in obese ( faafa) rats (Table 1) . These results are in concordance with previous reports 11 and con®rm the starvation of the rats.
Effect of starvation on key regulatory enzymes of glycolysisagluconeogenesis activities
In order to determine the mechanism by which the Fru-2,6-P 2 levels were higher in obese animals, total and active (non phosphorylated form) PFK-2 activities were determined. Both PFK-2 activities increased (20%) in the obese group. After 24 h starvation, total and active PFK-2 activities decreased in lean ( faa-) and obese ( faafa) rats, although the differences became more marked in the active PFK-2 form of lean starved animals, indicating a higher phosphorylated enzyme in this group of animals. The activities of GK and L-PK were also signi®cantly higher in obese animals. Starvation caused a decrease in both groups of animals, being the levels of starved obese rats very similar to the fed lean rats ( Table 1) .
Effect of starvation on PFK-2aFBPase-2 abundance
To ascertain whether starvation affected the abundance of the bifunctional enzyme, Western blot analyses were performed as described in Materials and methods. Fed obese rats contained 30% more of the enzyme than the fed lean animals. Starvation caused a fall of 30% and 39% in lean and obese rats, respectively, compared with their fed littermates (Figure 1 ).
Effect of starvation on regulatory enzymes of glycolysisagluconeogenesis mRNA abundance
In order to determine whether the changes in enzyme activities found correlated with mRNA levels, Northern blot analyses were performed on hepatic RNA extracted from fed and starved lean ( faa-) and obese ( faafa) rats. Values were corrected for the amount of 18S rRNA that was used as control. As shown in Figure 2 , mRNA levels of PEPCK increased four-fold over control at 24 h after starvation in both groups. FBPase-1 mRNA was increased slightly during starvation in both faa-and faafa, although the differences were not signi®cant. Concerning the glycolytic enzymes, PFK-2 mRNAs were similar in lean and Values are the mean AE s.d. of 3 ± 5 experiments. Fru-2,6-P 2 and enzyme activities were measured in samples of liver as indicated in Materials and methods. Statistically signi®cant differences are indicated by: * P`0.05, ** P`0.01 and *** P`0.001 with respect to lean (faa-) fed; { P`0.05, {{ P`0.01 and {{{ P`0.001, obese (faafa) starved with respect to obese (faafa) fed; { P`0.05, {{ P`0.01 and {{{ P`0.001, obese (faafa) starved with respect to lean (faa-) starved. PFK-2 6-phosphofructo-2-kinase; PK, pyruvate kinase. Gene expression in obese (faafa) Zucker rats JX Pe Ârez et al obese animals and decreased to 65% in lean starved rats and to 15% in obese rats. The levels of GK mRNA, which were signi®cantly higher in obese rats (70%), decreased to only 20% in starved lean rats, but remained at similar levels in obese animals. L-pyruvate kinase mRNA levels also increased signi®cantly in obese rats and decreased after starvation to very low levels in both faa-and faafa rats.
Discussion
Enhanced lipogenesis has been observed in livers of obese ( faafa) animals. 5, 6 In contrast with lean controls, isolated hepatocytes of obese faafa rats are known to glycolyze and to synthesize fatty acids, even after a period of starvation. 30, 31 This might be one of the mechanisms responsible for the fat deposition. Liver glycolysis provides C 3 units for the synthesis of lipids and it is thus an important component of the control of lipogenesis. In liver, one of the main glycolytic regulatory metabolites is Fru-2,6-P 2 . Its concentration is increased in livers of obese animals, even after starvation. 11 ± 13 Fru-2,6-P 2 can contribute to keep an active glycolysis and, thus increase lipogenesis by providing an increased supply of pyruvate and glycerol 3-phosphate, 31, 32 and may simultaneously reduce gluconeogenesis.
In good agreement with the hypothesis that hepatic glycolysis is favoured in obese Zucker rats, 11 ± 13,33,34 and con®rming previous reports, 11,13,34±36 GK, PFK-2 and L-PK activities were all signi®cantly higher in livers of obese ( faafa) rats compared to lean animals, however in livers of starved obese rats, the activities of these enzymes were similar to those found in fed lean animals. Furthermore, our data indicate that during starvation, PFK-2 is mainly phosphorylated in lean animals, as indicated by the decrease in the active non-phosphorylated form of PFK-2, whereas there are no signi®cant differences between the active and total PFK-2 forms in obese starved animals. Artefactual cAMP-dependent changes observed in conscious rats killed by decapitation have been observed in starved animals. 37 This effect could be, in part, responsible for the decrease of the`active' PFK-2 activity and Fru-2,6-P 2 concentration in starved lean rats. However, in starved obese animals, the mechanism seems to be different, as there are no differences between`total' and`active' PFK-2 activities and, also, low cAMP concentrations have been found in the livers of these animals. 11, 37 Moreover, the data obtained with Western blot analysis con®rm the increased levels of PFK-2 in fed obese animals, which Figure 2 Gene expression of regulatory enzymes of glycolysisagluconeogenesis in obese Zucker (faafa) rats. a) Total RNA (20 mgalane) extracted from livers of fed and starved (24 h) rats were transferred to nylon membranes after electrophoresis in 1.5% agarose and hybridized with 6-phosphofructo-2-kinaseafructose-2,6-bisphosphatase (PFK-2aFBPase-2), glucokinase (GK), L-pyruvate kinase (L-PK), fructose-1,6-bisphosphatase (FBPase-1) and phosphoenolpyruvate carboxykinase (PEPCK) cDNAs as it is described in Materials and methods. Representative Northern blots are shown in Figure 2a. b) The level of these mRNAs was measured by densitometric scanning of the autoradiograms and corrected for the amount of 18S rRNA. The values represent means AE s.e.m. of different liver extracts from three lean and ®ve obese animals. Statistically signi®cant differences are indicated by: * P`0.05, with respect to lean (faa-) fed.
Gene expression in obese (faafa) Zucker rats JX Pe Ârez et al also show, in agreement with the total PFK-2 activities, that during starvation, the levels are similar in lean and obese rats. All these data favour the PFK-2 kinase activity in obese animals and provide a plausible explanation, in addition to other metabolic changes observed, 11, 13, 31 for the high Fru-2,6-P 2 concentration.
In order to explain the changes in enzyme activities, we studied the levels of their mRNAs by Northern blot analysis. The mRNA levels of glycolytic enzymes were similar (PFK-2) or increased (GK, L-PK) in fed obese with respect to lean animals. During starvation, they decreased in lean and obese rats with one important exception, GK mRNA remains at high levels in obese animals. The mRNAs of gluconeogenic enzymes remained constant (FPBase-1) or increased (PEPCK) during fasting .
Gluconeogenesis has been reported to be lower in hepatocytes from obese Zucker rats, 13, 14, 30, 31 in spite of the fact that phosphoenolpyruvate carboxykinase mRNA increases at similar levels than in lean animals. These results agree with the transcriptional activation of this gene reported previously. 38, 39 However, although increases in FBPase-1 activity have been found during starvation in obese animals, we did not ®nd signi®cant changes in its mRNA levels. This fact indicates the main role of PEPCK in the regulation of gluconeogenesis¯ux during this process.
Insulin is increased in obese ( faafa) animals, 40, 41 even during fasting. 40 This can explain the high mRNA levels of GK and L-PK in fed animals. Insulin stimulates transcription of GK. 38, 39 This stimulation does not depend on extracellular glucose. 42 Glucagon, acting via cyclic AMP, inhibits the stimulation by insulin. 42 The mechanism is unknown, but the dominance of glucagon over insulin suggests that insulin stimulation may consist of derepression. 39 The increase in GK mRNA levels in obese rats during starvation could be explained, in addition to other factors, by the hyperinsulinaemia 40 and the low cyclic AMP levels. 11 It has been reported previously, 43 that starvation causes increased GK mRNA levels in the livers of obese-hyperglycaemic Wistar fatty rats, whereas in an insulin de®cient state, caused by streptozotocin, the levels of GK mRNA were low during starvation.
Hormones and diet have an important role in the regulation of L-PK gene expression. 38, 39, 44 Glucose and insulin are required together, neither of them being active alone in order to stimulate transcription. 44 In contrast with GK, L-PK mRNA levels were very low in the liver of both fatty and lean rats after starvation. Similar results have been reported in obese rats. 43 The mRNA levels of PFK-2 were not signi®cantly different between the two types of rats, both decreased during starvation. However, the decrease in the mRNA of PFK-2 is more apparent in the obese rats than in the lean controls. The different behaviour of this bifunctional enzyme could be explained by the synergisticaantagonistic action of multiple factors. Glucocorticoids stimulate L-type mRNA PFK-2 transcription in rat liver, 8, 39, 45 whereas glucagon inhibits transcription and destabilizes the L-mRNA. 46 In starved or diabetic rats, refeeding or insulin treatment increases, 17, 47, 48 whereas starvation causes a decrease in the PFK-2 mRNA levels, both in lean and obese rats. The effects of insulin on L-promoter, depend on the hormonal context. Lemaigre et al 49 have reported that insulin inhibits and reverses the glucocorticoidinduced stimulation of transcription of the L-type mRNA. This antagonistic action may explain the higher PFK-2 decrease in the obese animals, bearing in mind the increased levels of both hormones in ( faafa) rats.
Conclusion
The data presented here might be explained by the hyperinsulinaemia observed in obese animals, 5, 6 which lead to the stimulation of glycolysis and lipogenesis.
